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Abstract
The coherence properties of mechanical resonators are often limited by multiple unavoidable
forms of loss - including phonon-phonon and phonon-defect scattering – which result in the scat-
tering of sound into other resonant modes and into the phonon bath. Dynamic suppression of
this scattering loss can lift constraints on device structure and can improve tolerance to defects in
the material, even after fabrication. Inspired by recent experiments, here we introduce a model of
phonon losses resulting from disorder in a whispering gallery mode resonator with acousto-optical
coupling between optical and mechanical modes. We show that a typical elastic scattering mech-
anism of high quality factor (Q) mechanical modes flips the direction of phonon propagation via
high-angle scattering, leading to damping into modes with the opposite parity. When the optical
mode overlaps co-propagating high-Q and bulk mechanical modes, the addition of laser cooling
via sideband-resolved damping of the mechanical mode of a chosen parity also damps and modifies
the response of the bulk modes of the same parity. This, in turn, simultaneously improves the
quality factor and reduces the thermal load of the counter-propagating high-Q modes, leading to
the dynamical creation of a cold phononic shield. We compare our theoretical results to the recent
experiments of Kim et al., and find quantitative agreement with our theory.
PACS numbers: 42.50.Wk, 07.10.Cm, 42.50.Lc, 42.50.Dv
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I. INTRODUCTION
Quantum optomechanics studies the radiation pressure-mediated interaction between
light and mechanical motion in the quantum regime [1–4]. Crucial experimental advances
[5–7] make investigation of non-classical effects possible, as evidenced by recent results such
as the ground state cooling of mechanical resonator [8–10], the generation of squeezed states
of light [11–13], and studies of single-photon nonlinear optics [14–19] in various optomechan-
ics platforms. An example optomechanical interaction occurs in Brillouin scattering (BS),
where acoustic vibrations are induced by acoustic-optic coupling [20–22], and optomechani-
cal cooling via Brillouin scattering has already been demonstrated [23].
In a recent experiment by Kim et.al. [24], the chiral behavior of phonons in silica mi-
crosphere resonator was observed. We showed that the phonon mode co-propagating with
the pump laser is optomechanically cooled via forward Brillouin scattering and its linewidth
has been broadened, while the linewidth of the counter-propagating phonon mode is made
narrower. This signature of chirality – broken symmetry of the scattering properties of co-
propagating/counter-propagating phonons – becomes more evident when the input optical
power of the pump laser is increased. As an analogy to emerging studies of chiral photonics
interacting with emitters [25–27], the observed chiral phonon broken symmetry in a micro-
sphere resonator could be a candidate platform for the study of chiral networks of phononic
modes.
Here we introduce a model to describe these experiments. We primarily consider the
high-angle elastic scattering between a particular high quality factor (Q) mechanical mode
of interest and a continuum of lossy bulk mechanical modes. We find that when the optical
coupling cools the co-propagating high-Q and bulk mechanical modes, the optical modifi-
cation of scattering between these bulk modes and the counter-propagating high-Q mode
simultaneously improves the quality factor and reduces the thermal load of the same counter-
propagating high-Q mode, leading to the dynamical creation of a cold ‘phononic shield’ [28].
We detail our theoretical model in Section II. We then calculate the linewidth and effective
temperature of phonons using linear response theory in Section III to explain the key findings
of the experiment [24]. Finally, we fit the linewidth data of the experimental and estimate
some of the key parameters in Section IV.
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II. MODEL
A. Photon-phonon interaction
We consider a model of acousto-optic interaction in a multi-mode whispering gallery-type
resonator that supports photon and phonon modes. Photons from an adjacent waveguide
are interfaced with the resonator optical modes through evanescent coupling. Phonons
that occupy a surface acoustic wave resonator mode are annihilated via forward Brillouin
scattering process along with the creation of anti-Stokes scattered photons as shown in Fig. 1.
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FIG. 1. (a) The generation of anti-Stokes photon (blue) and absorption of phonon (red) from a
pump photon (green) via forward Brillouin scattering process. Due to symmetry, the resonator
supports both degenerate pairs of co-propagating and counter-propagating photons and phonons,
but only co-propagating modes are shown. (b) Dispersion relation for phonon (solid red line) and
photons (solid green, blue lines), and the mechanism of coherent acousto-optical interaction.
We can use the rotational symmetry of the system to write the displacement field φ and
electromagnetic field ψ as the following forms in cylindrical coordinates:
φ =
∑
q,,m
fq,m(r, z)
[
bq,me
iqr + b−q,me−iqr + H.C.
]
(1)
ψ =
∑
k,m
gk,m(r, z)
[
ck,me
ikr + c−k,me−ikr + H.C.
]
(2)
where f is a mode profile function, b and c are the annihilation operator for phonon and
photons respectively, and q, k,m are the quantum numbers representing different momentum
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and angular momentum eigenstates. The interaction between φ and ψ comes from acoustic-
optical effect: a change in the susceptibility  of the material because of the strain from the
displacement. It can be calculated as
V ≈
∫
drdzdθ
1
2
∂
∂s
s |ψ|2 , (3)
where the strain field s is related to the displacement field φ by s = ∂rφ, and we take ∂/∂s
to be a constant determined by material properties. In explicit form, the interaction is
V =
1
2
∂
∂s
∫
drdzdθ
∑
q,m
fq,m(r, z)iq
(
bq,me
iqr − b−q,meiqr
)
×
∑
k,k′,m,m′
gk,m(r, z)gk′,m′(r, z)
~√ωkωk′
2(Vol)
[
ck,mck′,m′e
i(k+k′)r + ck,mc
†
k′,m′e
i(k−k′)r + H.C.
]
,(4)
where Vol is the effective mode volume. The integral over the exponential factors gives
us a mode-matching condition for different photon-phonon interaction processes, e.g,
bq,mck,mc
†
k′,m′ for creating a new photon from annihilating a phonon and a photon pair.
B. Quasi-mode picture
We consider two nearby (in frequency) optical modes of the resonator that couple to the
vibrational excitations of the underlying medium, through Brillouin acousto-optic scattering.
Labelling these modes cP (for pump) and c (for the higher frequency anti-Stokes probe
mode), we write the optomechanical interaction
V =
∑
k
(bk + b
†
−k)(λ
∗
kc
†
P c+ λkc
†cP ) + . . . c
†
P cP + . . . c
†c. (5)
where λk describes coupling between these modes, which will naturally account for quasi-
phase matching and other constraints. The terms with elipses in front we neglect due to a
lack of phase-matching.
Upon strong optical pumping of the cP mode, we can look at the fluctuation away from
the classical steady state with amplitude α, cP → α+ cP , and similarly for bk. Thus, in the
limit α 1, we find (with a trivial gauge transform of c) [5, 7]
Vα =
∑
k
αλk(bk + b
†
−k)(c+ c
†) (6)
where now λk ∈ R. We define the pump-enhanced coupling Λk = |αλk|.
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Let us single out two high Q mechanical modes representing a time-reversed pair of inter-
est, which has an intrinsic degeneracy for co-propagating and counter-propagating directions,
relabeling them a+ and a−. These are also coupled to the bk modes in a quasi-mode theory of
mechanical damping. We have c coupled to a+ but not to a−, again due to phase matching
(momentum conservation). The scattering of phonons off disorder within the material can
mix phonons with different momenta [29], but we neglect the same-same scattering bk ↔ a+
since it does not break chiral symmetry, and so should be included in the definition of the
achiral modes. Thus only relevant term is the bk ↔ a− scattering. We now want to under-
stand the mediated interaction between a− and c through the coupling to the bulk modes
bk.
Moving to the Fourier domain, and adding a weak thermalization of bk modes with rate
η, we have the Heisenberg-Langevin equations of motion in the rotating wave approximation
(∆ < 0, |∆|  κ) [30–32]:
−iνc = i∆c− κ
2
c+
√
κcin − i
∑
k
Λkbk (7a)
−iνa− = −iωma− − i
∑
k
µkbk (7b)
−iνbk = −iωkbk − η
2
bk +
√
ηbk,in − iΛkc− iµka− (7c)
with ν the Fourier frequency, ωm the mechanical frequency, κ the optical damping, µk the
coupling between a− and bk, and cin and bin are the corresponding input fields.
We can solve Eq. (7c), getting
− i
∑
k
Λkbk= −i
∑
k
Λk
√
ηbk,in − iΛkc− iµka−
i(ωk − ν) + η/2
= −α2
∑
k
λ2k
i(ωk − ν) + η/2c
− α
∑
k
λkµk
i(ωk − ν) + η/2a− +
√
Γbin (8)
where we define a new input field
√
Γbin ≡ −iα
∑
k
λk
√
η
i(ωk − ν) + η/2bk,in (9)
We see that equation Eq. (7a) has a new damping term due to the real part of the sum
over k. Converting the sum to an integral over bath bulk modes frequencies
∑
k =
∫
ρ(ω)dω,
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we can perform the integral within the rotating wave approximation (allowing us to take
the lower bound of frequencies to minus infinity) and recover∑
k
λ2k
i(ωk − ν) + η/2 =
∫
ρ(ω)λ(ω)2
1
i(ω − ν) + η/2dω
= piρ(ν)λ(ν)2 + P(. . .) (10)
where we have the principal value part of the integral leading to a frequency shift, while
the other component leads to decay of the c mode. This defines Λ = 2piα2ρ(ν)λ(ν)2. We
also get a damping of a−, γa− = 2piρ(ν)µ(ν)
2, which leads to the backscatter-induced loss
of phonons. However, there is a cross term in the damping,
αχ ≡ α2piλ(ν)µ(ν)ρ(ν) (11)
suggesting interference between two decay pathways. We can understand that the effective
c and a− equations of motion are generated by an effective Hamiltonian in the stochastic
Schrodinger equation sense with two imaginary terms for damping:
− iκ
2
c†c− i1
2
(√
Λc+
√
γa−a−
)† (√
Λc+
√
γa−a−
)
(12)
That is, damping occurs for a superposition of the c and a− mode, in the corresponding
Lindblad-form superoperator.
C. Simpler version of the model: a quasi-mode picture of the bulk
This relatively complicated model above can be reduced in the rotating-wave approxima-
tion (RWA), narrowband limit to a much simpler model. Specifically, let us define a new
self-consistent quasi-mode b. We then have for its equation of motion
− iνb = −iνb− Γ
2
b+
√
Γbin − i(αλ˜c+ g˜a−) (13)
where we see that the frequency dependence drops out – due to the continuum nature of the
actual bk modes. We get the same physics as the above model if we take η =
pi
ρ
, which is also
the intrinsic damping rate γb of the bk modes. The continuum model of the quasi-mode also
suggests that its validity requires that its damping rate be large compared to the intrinsic
damping rate for phonons: Γ γb.
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Using the quasi-mode b, the system supports degenerate phonon and phonon modes,
with + stands for the co-propagating direction and − stands for the counter-propagating
direction. To summarize, we have made the following assumptions based on the continuum
model:
1. Phonon backscattering occurs between high-Q modes and their opposite direction
quasi-mode (a+ ←→ b−, a− ←→ b+) with strength V0, and between modes of the
same type (a+ ←→ a−, b+ ←→ b−) with strength V1.
2. The optical mode c+(−) couples to the high-Q mode a+(−) and the quasi-mode b+(−)
with different weights. Specifically, c+ couples to a+ via direct optomechanical inter-
action with strength G = αλ and couples to the quasi-mode with strength αg, while
c− couples to a− with strength βλ and couples to the quasi-mode with strength βg.
3. The mechanical modes a+(−) and b+(−) have different damping rates γ and Γ with
γ  Γ , but the damping is symmetric between the ± modes. We also assume that Γ
is in the same order as the optical loss rate κ, both of which are much larger than γ.
A model with these assumptions is shown below in Fig. 2, and its effective hamiltonian
is given by
Heff = −∆(c†+c+ + c†−c−) + ωm(a†+a+ + a†−a−) + ωb(b†+b+ + b†−b−) + αc†+(λa+ + gb+) + h.c.
+βc†−(λa− + gb−) + h.c.+ V0(a
†
+b− + a
†
−b+ + h.c.) + V1(a
†
+a− + b
†
+b− + h.c.)
−iκ
2
(c†+c+ + c
†
−c−)− i
γ
2
(a†+a+ + a
†
−a−)− i
Γ
2
(b†+b+ + b
†
−b−), (14)
where the optical and mechanical loss are modeled by anti-Hermitian hamiltonian. Again,
this effective Hamiltonian is a short-hand for the full input-operator picture used in the
Heisenberg-Langevin equations, below. Here we used a nominal frequency ωb for the quasi-
modes b±, but when we go to the Fourier domain, its frequency dependence will drop out,
in the sense that ωb → ν.
While the dynamics of the system can, in principle, be solved numerically, the loop struc-
ture in this coupled six-mode system will make the result quite complicated and it is hard for
us to interpret the main physics in the system without further approximation. We assume
the g parameter is larger than λ, such that the optical field couples more strongly to the
bulk modes b±. We can then break the loop into two pieces by cutting the lines representing
7
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FIG. 2. Simplified multi-mode theory of optomechanical interaction and phonon scattering. (a)
For each propagating direction, a quasi-mode b and a particular mode a are coupled to the driving
field c with different rates. Phonon back-scattering happens between the two directions. (b-c): We
neglect the phonon scattering between the same species (the V1 lines) and also assume that the
optical driving fields couple to the quasi-mode and particular mode separately, since the driving
field is very strong. With these assumptions, we can break the loop in a into two sub diagrams.
V1 interactions, both of which consists of two mechanical modes and two optical modes,
as shown in Fig. 2(b)-(c). The validity of the assumption of ignoring the V1 interaction is
discussed in more detail in Section III, where we show that the possible consequences of this
interaction have not been observed in experiment.
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III. SYSTEM DYNAMICS
A. Linear response
We now focus on Fig. 2(b) and Fig. 2(c) to calculate the linewidth for co-propagating
phonon a+ and counter-propagating phonon a−. In the experiment [24], the counter-
propagating pump power is about 10 times smaller than that of co-propagating pump, so
we neglect the effect of counter-propagating optical mode c− first. For Fig. 2(b), as shown
in our toy model, we have
Htoy = −∆(c†+c+ + c†−c−) + ωma†−a− + ωbb†+b+
+αg(c†+b+ + b
†
+c+) + βλ(a−c
†
− + c
†
−a−)
+V0(a
†
−b+ + b
†
+a−)− i
κ
2
(c†+c+ + c
†
−c−)
−iγ
2
a†−a− − i
Γ
2
b†+b+. (15)
We write down the Heisenberg-Langevin equations for each mode and transform to frequency
domain to solve the equations.
− iνc+ = i∆c+ − κ
2
c+ +
√
κcin+ − iαgb+, (16a)
−iνc− = i∆c− − κ
2
c− +
√
κcin− − iβλa−, (16b)
−iνa− = −iωma− − γ
2
a− +
√
γain− − iβλc− − iV0b+, (16c)
−iνb+ = −iνb+ − Γ
2
b+ +
√
Γbin+ − iαgc+ − iV0a−. (16d)
As shown before, the frequency dependence of the quasi-mode b± drops out in the Fourier
domain. We now proceed to eliminate c+, c− and b+ to understand the behavior of a−.
From the equation for b+ Eq. (16d) we have
b+ =
√
Γbin+ − iαgc+ − iV0a−
Γ/2
(17)
plug this into the equation for c+, we have an equation which only relates c+ and a−:
[−i(ν + ∆) + κ/2] c+ =
√
κcin+ − iαg
√
Γbin+ − iαgc+ − iV0a−
Γ/2
(18)
This simplifies to[
−i(ν + ∆) + κ/2 + α
2g2
Γ/2
]
c+ =
√
κcin+ − i
αg√
Γ/2
bin+ −
αgV0
Γ/2
a− (19)
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From the left hand side of the equation, we see an optomechanical modification to the
damping rate for c+. Also, the c+ mode is effectively coupled to the a− mode via the
interaction with b+, which means the properties of a− could possibly be modified by a
driving field in the opposite direction. We are going to analyze this in more detail in following
section. We further define the susceptibility of c+ as κ˜ ≡ −i(ν + ∆) + κ/2 + 2α2g2/Γ, then
c+ =
√
κcin+ − i αg√Γ/2bin+ −
αgV0
Γ/2
a−
κ˜
. (20)
We now put this optical field back into the b+ equation, we get
b+ =
√
Γbin+ − iαg
√
κcin+ − i αg√Γ/2bin+ −
αgV0
Γ/2
a−
κ˜
− iV0a−
Γ/2
=
1√
Γ/2
(
1− α
2g2
Γκ˜/2
)
bin+ −
iαg
√
κ
Γκ˜/2
cin+ −
iV0
Γ/2
(
1− α
2g2
Γκ˜/2
)
a−. (21)
The equation for c−
c− =
√
κcin− − iβλa−
−i(ν + ∆) + κ/2 , (22)
which indicates that c− is only modified by the coupling to a−. We can put b+ and c− back
into the equation for a−, and get
χ−1− a− =
√
γain− −
iβλ
√
κ
−i(ν + ∆) + κ/2c
in
− −
V0αg
√
κ
Γκ˜/2
cin+
− iV0√
Γ/2
(
1− α
2g2
Γκ˜/2
)
bin+ (23)
where
χ−1− = −i(ν − ωm) + γ/2 +
β2λ2
−i(ν + ∆) + κ/2
+
V 20
Γ/2
(
1− α
2g2
Γκ˜/2
)
(24)
is the inverse susceptibility of a− to input fields.
Similarly, for the co-propagating phonon mode a+, we can find its equation of motion by
interchanging α with β, a+ with a−, and c+ with c−:
χ−1+ a+ =
√
γain+ −
iαλ
√
κ
−i(ν + ∆) + κ/2c
in
+ −
V0βg
√
κ
Γκ˜′/2
cin−
− iV0√
Γ/2
(
1− β
2g2
Γκ˜′/2
)
bin− (25)
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with κ˜′ ≡ −i(ν + ∆) + κ/2 + 2β2g2/Γ and
χ−1+ = −i(ν − ωm) + γ/2 +
α2λ2
−i(ν + ∆) + κ/2
+
V 20
Γ/2
(
1− β
2g2
Γκ˜′/2
)
(26)
B. Phonon linewidth
We can define the cooperativities as Cα = 4α2g2/Γκ and Cβ = 4β2g2/Γκ, which are
both dimensionless parameters describing the strength of optomechanical coupling of the
quasi-modes relative to cavity decay rate and mechanical damping rate.
The modified linewidth of the a± phonons, as a result of optomechanical cooling/heat, is
given by the real part of its susceptibility, so we have
γa+(ν) = 2Re(χ
−1
a+
(ν))
= γ +
α2λ2κ
(ν + ∆)2 + κ2/4
(27)
+
4V 20
Γ
[
1− 2β
2g2
Γ
(1 + Cβ)κ/2
(ν + ∆)2 + (1 + Cβ)2κ2/4
]
,
and
γa−(ν) = 2Re(χ
−1
a−(ν))
= γ +
β2λ2κ
(ν + ∆)2 + κ2/4
(28)
+
4V 20
Γ
[
1− 2α
2g2
Γ
(1 + Cα)κ/2
(ν + ∆)2 + (1 + Cα)2κ2/4
]
,
For the special case of ν = −∆, we have
γa+ = γ +
4α2λ2
κ
+
4V 20
Γ
κ
κ+ 4β2g2/Γ
(29a)
= γ +
4α2λ2
κ
+
4V 20
Γ
1
1 + Cβ , (29b)
γa− = γ +
4β2λ2
κ
+
4V 20
Γ
κ
κ+ 4α2g2/Γ
(29c)
= γ +
4β2λ2
κ
+
4V 20
Γ
1
1 + Cα . (29d)
This shows that the phonon linewidth has a strong dependence on the optomechanical
cooperativities and thus on the optical driving strength α and β.
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C. Frequency shift
The modification of mechanical linewidth (cooling or heating) can come with a change
in the effective phonon resonant frequency, since a complex term is added to the phonon
susceptibility due to the optomechanical coupling. The change in phonon frequency is related
to the imaginary part of the susceptibility, and is calculated as
δωa+(ν) =
α2λ2(ν + ∆)
(ν + ∆)2 + κ2/4
+
2V 20
Γ
2β2g2
Γ
× ν + ∆
(ν + ∆)2 + (1 + Cβ)2κ2/4 , (30)
δωa−(ν) =
β2λ2(ν + ∆)
(ν + ∆)2 + κ2/4
+
2V 20
Γ
2α2g2
Γ
× ν + ∆
(ν + ∆)2 + (1 + Cα)2κ2/4 . (31)
The maximum frequency shift occurs when ν = −∆ + κ/2,
δωa+(−∆ + κ/2) =
α2λ2
κ
+
2V 20
Γ
Cβ
1 + (1 + Cβ)2 , (32)
δωa−(−∆ + κ/2) =
β2λ2
κ
+
2V 20
Γ
Cα
1 + (1 + Cα)2 . (33)
The second term of the frequency shift is of second order, so the main contribution comes
from the first term, which is 1/4 of the optically induced damping rate 4α2λ2/κ. In [24], the
observed largest optomechanical damping rate is about 40 ∼ 50 kHz , so the frequency shift
is at most 12.5 kHz. The cavity linewidth is 5.2 MHz and the detuning of the anti-Stokes
line ranges from 0.2 MHz to 0.7 MHz at high power, which makes the frequency shift almost
negligible.
If the phase matching condition is satisfied, then we expect ∆ ≈ −ωm. In this case, when
we look at the frequency shift near original mechanical frequency ν ≈ ωm, we get ν+ ∆ ≈ 0
and the frequency shift becomes completely negligible.
D. Effective temperature
Another important feature is the reduction in the effective temperature of the a− mode,
because of coherent damping. We look at the right hand side of equation Eq.(16c) and
assume that the optical noise is negligible compared to the thermal noise. We have the
12
effective noise on a− as
√
γain− −
iV0√
Γ/2
(
1− α
2g2
Γκ˜/2
)
bin+ (34)
Assuming the initial temperature of mechanical modes are Ta± and Tb± . The effective
temperature of mode a− is thus
T effa− =
1
γa−
[
γTa− +
V 20
Γ/4
∣∣∣∣1− α2g2Γκ˜/2
∣∣∣∣2 Tb+
]
=
1
γa−
[
γTa− +
4V 20
Γ
(ν + ∆)2 + κ2/4
(ν + ∆)2 + (κ/2 + 2α2g2/Γ)2
Tb+
]
(35)
When ν = −∆, we have
T effa− =
1
γa−
[
γTa− +
4V 20
Γ
κ2/4
(κ/2 + 2α2g2/Γ)2
Tb+
]
=
1
γa−
[
γTa− +
4V 20
Γ
1
(1 + Cα)2Tb+
]
(36)
We also get similar expressions for the a+ mode,
T effa+ =
1
γa+
[
γTa+ +
4V 20
Γ
1
(1 + Cβ)2Tb−
]
. (37)
When the counter-propagating pump β is much smaller compared to the co-propagating
pump α, this effect is not so significant for the a+ mode. In general, we get a correction
term to the effective temperature, which roughly scales as 1/(1 + Cα(β))2. We plot the
cooperativity dependence of the linewidth and temperatures below in Fig. 3.
E. Direct back-scattering corrections
We now consider the direct back scattering between a±, with strength V1, which couples
the two systems in Fig. 2(b) that we have so far assumed to be independent. Since there is
a loop structure in the diagram, we look at the special case when V0 = 0. After adiabatic
elimination of c±, we have the following Heisenberg-Lagevin equations:
− iνa+ = −iωa+a+ −
γa+
2
a+ − iV1a− +√γa+ain+
−iνa− = −iωa−a− −
γa−
2
a− − iV1a+ +√γa−ain−
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(a) (b)
(c) (d)
FIG. 3. Choosing a set of rescaled parameters of ωm = 1, γ = 0.001, κ = 0.1, λ = 0.001, g = 0.005,
Γ = 0.05, V0 = 0.02 and assuming that the initial thermal bath temperature T is the same for all
four modes, we plot γa+/γ, γa−/γ, T
eff
a+/T and T
eff
a−/T in (a)-(d) respectively.
where ωa+ ≈ ωa− ≈ ωm, γa+ = γ + 4α2λ2/κ and γa− = γ + 4β2λ2/κ. The normal modes of
these equations have resonance conditions corresponding to two poles:
ω± = ωm − iγΣ/2±
√
V 21 − δγ2/4 (39)
where γΣ = γ + 2(α
2 + β2)λ2/κ is the average damping and δγ = 4 |α2 − β2|λ2/κ is the
difference in damping. At zero power α = β = 0, the two poles are split on the real axis by
±V1. As the power difference increases and δγ > 2V1, the damping rates start to differ. In an
experimental that we are going to discuss in the following section, the damping is different
for all optical power, which means the prediction from the assumption of V1 scattering is
not applicable.
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IV. CONNECTION TO EXPERIMENT AND PARAMETER ESTIMATION
A. Description of the chiral phonon experiment
A recent experimental test of this theory [24], considers a whispering gallery-type res-
onator with an intrinsic degeneracy for co-propagating and counter-propagating directions
for both phonons a± and photons c±. Photons occupying the modes in the co-propagating
(counter-propagating) direction can be coupled through Brillouin acousto-optic forward scat-
tering from the co-propagating (counter-propagating) phonons. When pumping the lower-
energy optical mode, anti-Stokes scattering to the higher mode annihilates phonons in the
corresponding direction and leads to unidirectional optomechanical damping [23]. In the
experiment, two optical sources are tuned to the lower frequency optical mode in both the
co-propagating and counter-propagating directions, with different pump power. While one
source is used as a strong pump to induce Brillouin cooling, the function of the second
counter-propagating weak source is primarily to measure the modification of the high-Q
phonon behavior, and the possibility of chiral behavior.
In the experiment, a striking direction-dependence of the damping rates of the co-
propagating and counter-propagating phonons was observed, as a result of the momentum
conservation rules described above that underly the Brillouin scattering interaction. The
experimental data points are shown in Fig. 4 below. Since the relative power of the co-
propagating pump and counter-propagating probe lasers in the experiment is ∼ 9 : 1, there
is some cooling of the a− phonons as well.
In the following, we fit the experimental results obtained in [24] using the theoretical
model of this paper.
B. Data fitting
First of all, we recall the relation between the amplitudes and pump power is given by
α2 =
P+κ/2~ω
δ2 + κ2/4
=
2
~ωκ
P+(κ/2)
2
δ2 + κ2/4
=
2
~ωκ
P˜+ = ηP˜+
β2 =
P−κ/2~ω
δ2 + κ2/4
=
2
~ωκ
P−(κ/2)2
δ2 + κ2/4
=
2
~ωκ
P˜− = ηP˜−
where the coeffecient η = 2/~ωκ. Also, we consider the case when the counter-propagating
pump is much weaker than the co-propagating pump with a ratio P+/P− = α2/β2 = 9.15,
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then we can simplify the expression for the co-propagating phonon linewidth Eq. (27) and
get
γa+ = γ +
4α2λ2
κ
+
4V 20
Γ
κ
κ+ 4β2g2/Γ
(40)
≈
(
γ +
4V 20
Γ
)
+
4α2λ2
κ
= γeff +
4ηλ2
κ
P˜+ (41)
where γeff is the sum of the intrinsic phonon linewidth and phonon scattering induced
linewidth without any optical pumping. We fit the experimental data for co-propagating
phonon linewidth with a linear model of the following form:
y+ = p0 + p1 · x, (42)
where x represents the detuning corrected pump power P˜+ in units of µW and y represents
the linewidth γa+ in units of kHz.
The asymmetry between the strength of the co-propagating and counter-propagating
pump leads to a qualitatively different result for the counter-propagating phonon a−, with
its linewidth given by
γa− = γ +
4β2λ2
κ
+
4V 20
Γ
κ
κ+ 4α2g2/Γ
(43)
= γeff +
4β2λ2
κ
− 4V
2
0
Γ
4α2g2/Γ
κ+ 4α2g2/Γ
(44)
The α2 term can be large, and it is this term that leads to a substantial linewidth reduction
for the counter-propagating phonon as we increase the co-propagating pump power.
For the low power data, the ratio r = α2/β2 is fixed at 9.15, but for the high power data,
β itself is fixed at certain value β0. For data taken under different conditions, we may have
a discontinuous change in the counter-propagating pump power. So we can use a piecewise
function to describe the relation between the two pumps as:
β2 = (α ≤ α0) α2/r + (α > α0) sα20. (45)
We can use a corresponding piecewise function to describe the data for the broadened
linewidth at low power:
y− = q0 + q1 · x, for (x < P0). (46)
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FIG. 4. Red is for co-propagating phonon and blue is for counter-propagating phonon. (a) is for
low power data and (b) is for high power data. Experimental data points (in circles) are taken
from [24] and solid lines are fits to the data points.
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Least square fitting results for low power data and high power data are shown in Fig. 4,
and fit values are shown in Table I. For the forward propagating direction, the parameter
~p = (p0, p1) is quite consistent between low power and high power data. For the counter-
propagating direction, the situation is more complicated. From the lower power data, we can
only get enough information about q1 and q2. At high power, the fitting would nominally
take a form (based upon Eq. (44))
y+ = q2 +
q3
q4 + x
(47)
However, fitting q3, q4 as well as β0, leads to substantial correlation and likely overfitting.
Instead, we focus on a simpler model at high power to capture the reduction of linewidth.
Specifically, we fix q2 = q0 + α0q1 from the low power data, and set q4 = 0.
TABLE I. Fitting results (with 2σ error) for low power and high power data
parameter (units) value for low power data value for high power data
p0 = γeff (kHz) 11.25(9.83) 17.31(7.98)
p1 = 4ηλ
2/κ (kHz/µW) 0.36(0.13) 0.24(0.05)
q0 = γ (kHz) 12.80(3.02) NA
q1 = 4ηλ
2/κr (kHz/µW) 0.029(0.041) NA
q3 = κV
2
0 /ηg
2 (kHz · µW) NA 2324(194)
V. CONCLUSION
In this article, we present a model for optomechanically induced chiral phonon behavior.
We show that in Brillouin sideband cooling experiments on traveling phonon populations,
the linewidth of co-propagating phonons is increased by the optomechanical interaction with
optical driving fields, while the linewidth of counter-propagating phonons is decreased at the
same time. We also predict the effective temperature of counter-propagating phonon will
decrease by increasing the driving fields, which is in contrast to conventional optomechani-
cal cooling where phonon linewidth and effective temperature move in different directions.
This model is able to explain the chiral behavior of phonon transport observed in a recent
experiment [24].
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